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ABSTRACT Manogepix (APX001A) is the active moiety of the novel drug candidate
fosmanogepix (APX001). We previously reported the broad-spectrum activity of
manogepix but also observed a correlation between increased manogepix and flu-
conazole MICs. Here, we extended this study and included isolates with acquired flu-
conazole resistance. Isolates (n � 835) were identified using CHROMagar, matrix-
assisted laser desorption ionization–time of flight mass spectrometry (MALDI-TOF
MS), and, when needed, internal transcribed spacer (ITS) sequencing. EUCAST E.Def
7.3.1 susceptibility testing included manogepix, amphotericin B, anidulafungin, mica-
fungin, fluconazole, and voriconazole. Manogepix wild-type-upper-limit (WT-UL) val-
ues were established following EUCAST principles for the epidemiological cutoff
value (ECOFF) setting allowing wild-type/non-wild-type classification. Drug-specific
MIC correlations were investigated using Pearson’s correlation. Manogepix modal
MICs were low (range, 0.004 to 0.06 mg/liter against 16/20 included species). Excep-
tions were Candida krusei and Candida inconspicua and, to a lesser extent, Candida
kefyr and Pichia kluyveri. The activity was independent of Fks echinocandin hot spot
alterations (n � 17). Adopting the WT-UL established for Candida albicans, Candida
dubliniensis, Candida glabrata, Candida parapsilosis, and Candida tropicalis, 14/724
(1.9%) isolates were non-wild type for manogepix. Twelve of these (85.7%) were also
non-wild type for fluconazole. A statistically significant correlation was observed be-
tween manogepix and fluconazole MICs for C. albicans, C. dubliniensis, C. glabrata, C.
parapsilosis, and C. tropicalis (Pearson’s r � 0.401 to 0.575) but not between mano-
gepix and micafungin or amphotericin B MICs for any species except C. tropicalis
(r � 0.519 for manogepix versus micafungin). Broad-spectrum activity was confirmed
for manogepix against contemporary yeast. However, a 1 to 4 2-fold dilutions in-
crease in manogepix MICs is observed in a subset of isolates with acquired flucona-
zole resistance. Further studies on the potential underlying mechanism and implica-
tion for optimal dosing are warranted.

KEYWORDS APX001A, EUCAST, MGX, antifungal susceptibility testing, fluconazole,
manogepix

Manogepix (MGX, formerly APX001A and E1210) is the active moiety of the
first-in-class small-molecule drug candidate fosmanogepix (APX001). In multiple

nonclinical studies, manogepix has shown broad-spectrum activity against Candida
(except Candida krusei but including the multidrug-resistant emerging species Candida
auris), Aspergillus, and other difficult-to-treat molds (1–6). Fosmanogepix is currently in
multiple phase 2 clinical trials for candidemia, as well as infections caused by C. auris,
Aspergillus, and rare molds.
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We included manogepix in our prospective EUCAST antifungal susceptibility testing
of bloodstream isolates referred as part of the nationwide fungemia surveillance
program in Denmark in 2016 to 2017 to generate population-based contemporary
EUCAST MIC data for manogepix (7). We found that manogepix was highly active
against yeast bloodstream isolates. However, while no evidence of cross-resistance was
observed with echinocandins or amphotericin B, there was a correlation noted between
manogepix and fluconazole MICs across several yeast species. This was unexpected
because the two compounds target two different targets and pathways. Manogepix
inhibits the conserved fungal inositol acyltransferase enzyme encoded by GWT1,
thereby preventing trafficking and anchoring mannoprotein to the outer cell wall.
Fluconazole and other azoles target the lanosterol 14-alpha demethylase enzyme
encoded by ERG11, thereby interfering with the ergosterol synthesis, an essential
compound of the fungal cell membrane. Ultimately, both consequently compromise
fungal growth. Resistance to azoles is often multifactorial and involves one or several
erg11 target gene mutations (affecting drug affinity for the enzyme), target gene
upregulation (thereby outcompeting the number of drug molecules), or expression
of drug efflux pumps (lowering the intracellular amount of drug) (8, 9). Strains with
1 to 5 2-fold dilutions steps elevated MIC values to manogepix have been identified
in vitro in Candida albicans, Candida glabrata, and Candida parapsilosis, but not in
C. auris or Candida tropicalis (10). The spontaneous mutation rate was low, 3 � 108

to �1.85 � 108. In some of the mutant strains, a valine-to-alanine alteration, V162A
in C. albicans and V163A in C. glabrata, respectively, was found in the Gwt1 target
protein that resulted in increased manogepix MIC values when expressed in C.
albicans and Saccharomyces cerevisiae. Other mutants were isolated with increased
MGX MIC values that did not show mutations in GWT1 (10).

In this study, we investigated the in vitro susceptibility to manogepix, fluconazole,
voriconazole, and other comparators against yeast isolates from blood and other
sources received at the reference laboratory in Denmark in 2018. The objectives were
2-fold. The first was to continue and extend the surveillance of the in vitro activity of
manogepix against contemporary yeast isolates. The second was to study more isolates
with non-wild-type susceptibility to licensed antifungal agents. The latter was done by
including isolates from sources other than blood, in which acquired resistance, in
general, is more common than among unique (and often initial) bloodstream isolates
referred for epidemiological purposes (11).

RESULTS
Manogepix against quality control strains. C. albicans CNM-CL-F8555, C. parap-

silosis ATCC 22019, and C. krusei ATCC 6258 were tested 19, 62, and 65 times,
respectively, during the study period using EUCAST methodology (12). The MIC results
against C. albicans CNM-CL-F8555 were as follows (modal MIC and MIC50 [range]):
0.03 mg/liter and 0.03 mg/liter (0.008 to 0.06 mg/liter) with 18/19 (94.7%) MICs within
the range of 0.016 to 0.06 mg/liter. The MICs against C. parapsilosis ATCC 22019 were
0.03 mg/liter and 0.03 mg/liter (0.016 to 0.125 mg/liter), with 60/62 (96.8%) MICs within
the range of 0.016 to 0.03 mg/liter. Finally, the MICs against C. krusei ATCC 6258 were
0.5 mg/liter on two occasions and �0.5 mg/liter (outside the tested concentration
range) for the rest (n � 63).

Manogepix activity against contemporary Candida, Saccharomyces, and Pichia
isolates. On a milligram per liter basis, manogepix was highly active against 16 of 20
species (modal MICs between 0.004 and 0.06 mg/liter), with Candida dubliniensis being
the most susceptible organism and C. glabrata the least (Table 1). Manogepix MICs were
higher against four species, including C. krusei and the related species Candida incon-
spicua (MICs �0.5 mg/liter for all but one C. krusei isolate) and, to a lesser extent,
against Candida kefyr (MIC range, 0.125 to �0.5 mg/liter) and Pichia kluyveri (MICs of
0.125 and 0.5 mg/liter, respectively). These four species included 8.4% (70/835) of the
isolates. Wild-type-upper-limit (WT-UL) values were set statistically (including 97.5%
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and 99% of the isolates) and visually for species represented by at least 15 isolates and
agreed within 1 2-fold dilution.

The following 17 Candida isolates harbored echinocandin fks target gene-encoded
hot spot alterations: Fks1 P1354P/S (n � 2), Fks1 P1354S (n � 4), and Fks1 R1361R/S
(n � 1) for C. albicans (n � 7); Fks1 S645P (n � 1) for C. dubliniensis (n � 1); Fks1 F625S
(n � 1), Fks2 F659S (n � 1), Fks2 F659del (n � 1), Fks2 S663F (n � 1), Fks2 S663F (n � 1),
and Fks2 S663P (n � 1) for C. glabrata (n � 6); Fks1 S659F (n � 1) and Fks1 S659S/F
(n � 1) for C. krusei (n � 2); and Fks1 F650S (n � 1) for C. tropicalis (n � 1). The
manogepix in vitro activity against these mutant isolates was similar to their wild-type
counterparts with the exception of two C. albicans with manogepix MICs of 0.125 and
0.25 mg/liter, respectively, which were also pan-azole resistant (Table 1).

Comparison of in vitro activity of manogepix to other antifungal agents.
Manogepix was more active than fluconazole with respect to MIC values or the number
of non-wild-type isolates, with the exception of C. kefyr, where MGX was equally active
(Table 2). Manogepix was also more active than voriconazole and amphotericin B
except against C. krusei and C. kefyr and in displaying comparable activity to that of
voriconazole against C. parapsilosis and Candida lusitaniae. Finally, manogepix was
more active against C. parapsilosis complex isolates and Candida guilliermondii, whereas
anidulafungin was more active against C. krusei and C. kefyr (Table 2).

TABLE 1 In vitro activity of manogepix against 835 yeast isolates by species and for isolates harboring echinocandin target gene
mutationsa

Species (no.)

Characteristics of manogepix in vitro activity

MIC (mg/liter)
WT-UL
ECOFFinderb

WT-UL visual
Non-wild
type (n)0.002 0.004 0.008 0.016 0.03 0.06 0.125 0.25 0.5 >0.5 97.5% 99.0%

Low-MIC species (765)
C. albicans (402) 34 237 111 15 3 1 1 0.016 0.016 0.03 5

fks mutant C. albicans 1 2 2 1 1
C. dubliniensis (48) 1 27 19 1 0.008 0.008 0.016 1

fks mutant C. dubliniensis 1
C. glabrata (188) 1 2 6 40 114 22 2 0.125 0.125 0.125 2

fks mutant C. glabrata 5 1
S. cerevisiae (9) 4 4 1 NDc ND ND
Saccharomyces telluris (1) 1
C. parapsilosis complex (45) 4 17 20 2 1 1 0.06 0.06 0.06 2

C. parapsilosis (39) 2 16 18 2 1 0.06 0.06 0.06 1
Candida metapsilosis (2) 2
C. orthopsilosis (4) 1 2 1 1

C. tropicalis (41) 3 31 5 2 0.016 0.016 0.016 2
fks mutant C. tropicalis 1

C. lusitaniae (12) 1 3 8 ND ND ND
C. guilliermondii (9) 2 3 2 1 1 ND ND ND (1)
Candida fermentati (2) 1 1
Candida pelliculosa (1) 1
Candida utilis (2) 1 1
Candida speciesd (4) 1 3
Pichia salicaria (1) 1

High-MIC species (70)
C. krusei (54) 1 53 NP NP ND

fks mutant C. krusei 2
C. inconspicua (2) 2
C. kefyr (12) 4 3 4 1 ND ND ND (1)
P. kluyveri (2) 1 1

Total (835) 7 69 301 150 82 124 33 8 5 56
aThe modal MIC is underlined for species represented by more than 10 isolates. MICs for fks mutant isolates are indicated in gray font. Non-wild-type isolates are
indicated in bold font.

bWT-UL, wild-type upper limit determined visually and statistically using the ECOFFinder program, which includes 97.5% and 99% of the isolates, respectively.
cND, not done. NP, not provided; the ECOFFinder program requires at least one isolate with MIC at least one step above the modal MIC to calculate an upper limit.
dFive species could not be identified by sequencing; three were a new species closely related to Candida blankii, and two were potentially C. metapsilosis but with an
unreliable identification.
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Adopting the highest manogepix WT-UL of the three WT-ULs determined (in all
cases, the visual WT-UL), 14 isolates were classified as non-wild type for manogepix
(Table 1). Twelve of these (85.7%) were also non-wild type for fluconazole, including 4/5
C. albicans isolates (fluconazole MICs of 2, 8, �32, and 64 mg/liter), 1/1 C. dubliniensis
isolate (fluconazole MIC of 32 mg/liter), 2/2 C. glabrata isolates (fluconazole MICs of 64
and �64 mg/liter, respectively), 2/2 C. parapsilosis complex isolates (C. parapsilosis and
Candida orthopsilosis, respectively, both with fluconazole MICs of 64 mg/liter) and 1/2
non-wild-type C. tropicalis isolates (fluconazole MIC of 8 mg/liter) (Table 3). Additionally,
high fluconazole MICs were observed for the C. guilliermondii (fluconazole MIC of
64 mg/liter) and C. kefyr (fluconazole MIC of 8 mg/liter) isolates with the highest
manogepix MICs (0.06 mg/liter and �0.5 mg/liter, respectively) (Table 1). Whereas
elevated fluconazole MICs were observed for the vast majority of isolates with elevated/
high manogepix MICs, the opposite was not the case. Of note, three C. albicans isolates
deemed fluconazole resistant due to a heavy trailing growth (with 50% to 75% growth
compared to the growth control at all fluconazole concentrations tested) remained
highly manogepix susceptible (Table 3).

Finally, Pearson’s correlation was used to compare the MICs at the isolate level
(Table 4). A moderate correlation was observed between manogepix and fluconazole
MICs for all species represented by more than 10 isolates (except C. krusei), which was
statistically significant for C. albicans, C. dubliniensis, C. glabrata, C. parapsilosis, and C.
tropicalis. Similarly, a significant correlation was found between manogepix and vori-
conazole, although it was only weak against C. albicans, for which the voriconazole MIC
distribution was truncated, with more than half of the isolates having a voriconazole
MIC of �0.004 mg/liter (MIC50 �0.004 mg/liter; Table 2). In contrast, only a weak or very
weak correlation was observed when manogepix was compared to micafungin and
amphotericin B, with the exception of manogepix and micafungin against C. tropicalis.

DISCUSSION

This study confirms the broad-spectrum activity of manogepix against most human
pathogenic yeast species. Overall, the wild-type populations of 16/20 species were
intrinsically highly susceptible, with modal MICs ranging from 0.004 to 0.06 mg/liter.
These species included the majority (91.6%) of isolates sent to our reference laboratory,
and the susceptibility was independent of the presence or absence of fks-mediated
echinocandin resistance. Our study also confirms that some species are intrinsically
nonsusceptible to manogepix, including C. krusei and the closely related species C.
inconspicua. These two species constituted 7.1% of our isolates.

The interlaboratory reproducibility of EUCAST MIC determination for manogepix
appears to be high, as all species’ specific modal MICs determined in our previous study
were confirmed (7). It also suggests that for most species, EUCAST and CLSI generate
similar MICs. Thus, modal MICs by the CLSI method for C. albicans, C. dubliniensis, C.
glabrata, C. tropicalis, and C. lusitaniae were either identical to or 1 2-fold dilution apart
from the EUCAST modal MICs presented here in a recent study with 1,340 Candida
species isolates (6, 13).

We previously reported an unexpected correlation between intrinsic susceptibility
to manogepix and fluconazole (7). This was documented by a linear relationship
between modal MICs for fluconazole and manogepix for the six most prevalent Candida
species (C. dubliniensis, C. albicans, C. tropicalis, C. parapsilosis, C. glabrata, and C. krusei)
and C. lusitaniae. The exceptions were the species C. guilliermondii and C. auris for which
manogepix modal MICs were low (0.008 to 0.016 mg/liter) but fluconazole modal MICs
were high (4 mg/liter and 512 mg/liter, respectively). But interestingly, it was also found
that 4/4 isolates with manogepix MICs above the WT-UL were also non-wild type to
fluconazole, suggesting that there is a single resistance mechanism responsible for the
elevation of both manogepix and fluconazole MICs. In this study, we further substan-
tiated this observation. First, 85.7% of the isolates found non-wild type to manogepix
were also non-wild type for fluconazole, and for the remaining two isolates, the
manogepix MIC was only 1 2-fold dilution above the WT-UL, suggesting either presence
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of a low-grade resistance mechanism or that the MIC elevation in these isolates is
explained by technical variation rather than acquired resistance. Second, a statistically
significant correlation was observed between manogepix and fluconazole MICs for
isolates within each individual Candida species, except the intrinsically resistant C.
krusei and those represented by few isolates (C. kefyr and C. lusitaniae).

TABLE 3 Checkerboard presentation of manogepix and fluconazole MICs for Candida species
represented by �10 isolatesa,b

aThe horizontal lines indicate the WT-UL values determined for manogepix in this study. The solid vertical lines indicate
the EUCAST ECOFFs, and the stippled vertical lines are tentative EUCAST ECOFFs for fluconazole (valid from 2 April
2020). Isolates non-wild type to both manogepix and fluconazole are highlighted in bold.

bSymbols: *, heavy trailing phenotype with �50% growth inhibition over a wide concentration range (0.125 to 64 mg/
liter); **, C. parapsilosis sensu stricto only.
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The mechanism behind the concomitant increase in MIC values for manogepix and
fluconazole is unexplained. Manogepix targets Gwt1 and not Erg11, which is targeted
by the azoles. Manogepix susceptibility was uniform against Indian C. auris isolates,
although that vast majority were highly fluconazole resistant (7). Fluconazole resistance
in Indian C. auris has been linked to two specific Erg11 amino acid substitutions, Y132
and K143, but significant overexpression of erg11 has not been found, unlike what is
the case in fluconazole-resistant C. albicans and some other species (8, 14). This might
suggest that drug export via a common efflux pump induced by fluconazole resistance
is more likely the underlying mechanism of the observed drug cross-resistance in our
isolates. This hypothesis is supported by recent findings in a study where increased
MICs to manogepix were identified in vitro in C. albicans, C. glabrata, and C. parapsilosis
(10). In C. albicans and C. glabrata but not C. parapsilosis, a mutation was identified that
resulted in a valine-to-alanine alteration (V162A in C. albicans and V163A in C. glabrata,
respectively) in the Gwt1 target protein. This alteration resulted in 4 to 5 2-fold dilutions
increased manogepix MIC values versus the isogenic starting strains. In addition, when
the V163A mutation was inserted into wild-type C. glabrata, the MIC value of the
transformant was also elevated 5 2-fold dilutions, demonstrating that this change was
necessary and sufficient for the altered MIC values (10). Of note, cross-resistance to
fluconazole was examined in five mutant strains with and without gwt1 mutations.
Fluconazole susceptibility remained unchanged in four of these, whereas 2 2-fold
dilutions MIC elevation was observed in one C. parapsilosis mutant with a wild-type
gwt1 target gene (10). Thus, it appears that elevated manogepix values in mutants
isolated in vitro are rarely associated with an elevation of fluconazole MICs or resistance,
whereas clinical isolates with elevated manogepix MICs despite no prior manogepix
exposure are universally cross resistant to fluconazole.

The clinical implication of the potential for cross-resistance remains to be under-
stood. In our study, the manogepix elevation was limited to 1–3 2-fold dilutions above
the WT-UL. If the future standard dose is sufficient to encompass this MIC elevation or
if the tolerability profile allows an appropriate dose escalation option, such cross-
resistance may be successfully treated with manogepix.

In conclusion, we confirm previous findings that manogepix displays a promising
broad-spectrum activity against most Candida, Saccharomyces, and Pichia species with
the exception of C. krusei. No cross-resistance was observed with echinocandin or
amphotericin B. However, a 1 to 3 2-fold dilutions elevation of MGX MICs is observed
in some isolates with acquired fluconazole resistance. Further studies on the potential
underlying mechanism and implication for optimal dosing are warranted. Finally, this

TABLE 4 Detailed summary of species-specific pairwise MIC comparisonsa,b

Species (no.)

Data for comparison of:

MGX vs FCZ MGX vs VCZ FCZ vs VCZ MGX vs MFG MGX vs AMB

P r
Corr.
class. P r

Corr.
class. P r

Corr.
class. P r

Corr.
class. P value r

Corr.
class.

C. albicans (402) �0.0001 0.401 M �0.0001 0.267 W �0.0001 0.566 Mc �0.0001 0.203 W �0.0001 0.206 W
C. albicans excl. FLC-resistant

isolates with trailing
phenotype (399)

�0.0001 0.488 M �0.0001 0.329 W �0.0001 0.466 Mc �0.0001 0.239 W �0.0001 0.224 W

C. dubliniensis (48) �0.0001 0.575 M �0.0001 0.552 M �0.0001 0.799 S 0.135 0.219 W 0.071 0.263 W
C. glabrata (188) �0.0001 0.479 M �0.0001 0.473 M �0.0001 0.931 VS 0.019 0.173 VW 0.002 0.230 W
C. krusei (54) ND ND ND ND �0.0001 0.773 S ND ND 0.503 0.093 VW
C. parapsilosis (39) 0.001 0.504 M 0.0001 0.572 M �0.0001 0.886 VS 0.167 �0.226 W 0.765 0.050 VW
C. tropicalis (41) 0.006 0.420 M 0.065 0.291 W �0.0001 0.847 VS 0.001 0.519 M 0.029 0.342 W
C. kefyr (12) 0.078 0.528 M 0.046 0.584 M 0.0002 0.878 VS 0.312 0.319 W 0.255 0.357 W
C. lusitaniae (12) 0.093 0.506 M 0.484 0.224 W 0.603 �0.167 VW 0.617 �0.161 VW 0.450 0.241 W
aMGX, manogepix; FCZ, fluconazole; VCZ, voriconazole; MFG, micafungin; AMB, amphotericin B; corr. class., correlation classification; VW, very weak; W, weak; M,
moderate; S, strong; VS, very strong; ND, not done. MGX MIC distribution truncated at 0.5 mg/liter.

bP and r determined using Pearson’s correlation on log2-transformed MICs. P values regarded as significant (�0.05) and associated r values are indicated in gray
shading.

cThe MIC distribution for voriconazole against C. albicans was truncated with the voriconazole MIC �0.004 mg/liter for more than half of the isolates. This may have
lowered the Pearson’s correlation coefficient.
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study also suggests that EUCAST susceptibility testing of MGX is robust and in close
agreement with the CLSI method. This suggests that the establishment of mutual
breakpoints may be feasible.

MATERIALS AND METHODS
A total of 835 isolates obtained in 2018 and derived from blood (n � 491), unspecified drains

(n � 87), abdomen/gallbladder (n � 60), oral cavity/esophagus (n � 32), pigtail catheter/urine (n � 26),
pleura (n � 19), bone (n � 18), or other sources each represented by �11 samples (n � 102) were
included. The blood isolates were obtained as part of the nationwide Danish surveillance program and
thus represent a contemporary national and population-based yeast isolate collection.

Susceptibility testing. EUCAST MICs were determined following E.Def 7.3.1 methodology (12).
Manogepix (APX001A; Amplyx Pharmaceuticals, San Diego, USA) pure substance was stored in aliquots
at �80°C, and stock solutions were prepared in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, Brøndby,
Denmark; 5000 mg/liter). The final drug concentration ranges studied were 0.001 to 0.5 mg/liter. The
following comparator compounds were also investigated (source of compound and final concentration
range in parentheses): anidulafungin (Pfizer A/S, Ballerup, Denmark; 0.004 to 4 mg/liter), micafungin
(Astellas Pharma Inc., Tokyo, Japan; 0.004 to 4 mg/liter), amphotericin B (Sigma-Aldrich; 0.004 to
4 mg/liter), fluconazole (Sigma-Aldrich; 0.03 to 32 mg/liter), and voriconazole (Pfizer A/S, Ballerup,
Denmark; 0.004 to 4 mg/liter). Microtiter plates with 2-fold dilutions prepared in double-concentrated
medium according to the EUCAST methodology were prepared using serial dilution and pipette tip
changes for every fourth well. Cell culture-treated (Nunc MicroWell 96-well microplates; Thermo Fisher
Scientific; catalog no. 167008) were used throughout and frozen at �80°C prior to use. The EUCAST
quality control (QC) strains C. albicans CNM-CL-F8555, C. parapsilosis ATCC 22019, and C. krusei ATCC 6258
were tested in parallel. MICs for the licensed compounds were classified as wild type and non-wild type,
adopting the EUCAST epidemiological cutoff values (ECOFFs) valid 4 February 2020 (https://www.eucast
.org).

Data management. MIC ranges, modal MIC (the most common MIC), MIC50, and MIC90 values were
calculated. Wild-type upper limits (WT-ULs), defined as the upper MIC value where the wild-type
distribution ends, were determined for manogepix following principles for setting EUCAST ECOFFs. This
includes a visual inspection of histograms of the MICs for single species (the eyeball method) and a
statistical method using 97.5% and 99% endpoints and the EUCAST ECOFF finder program (15). However,
as the values reported here are not formally accepted EUCAST manogepix ECOFFs, we used the term
“WT-UL” to avoid confusion.

Pearson’s correlation was used to determine species and antifungal drug-specific MIC correlation.
Results were considered significant when the P value was �0.05 and the correlation classified, depending
on the r value, as very weak (VW, 0 to 0.19), weak (W, 0.2 to 0.39), moderate (M, 0.4 to 0.59), strong (S,
0.6 to 0.79), and very strong (VS, 0.8 to 1).
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